Abstract. Some aspects of measuring the thermal resistance to a constant heat flow at a p-n junction-package region in IMPATT and light-emitting diodes are considered. We propose a method of studying the thermal resistance of high-power light-emitting diodes. This method makes it possible to increase accuracy of measuring the thermal resistance by determining the temperature at a linear section of the voltage−temperature curve. A possibility to measure the thermal resistance of IMPATT diodes by using the pulse I-V curves is shown. This enables one to simplify calculations and increase accuracy of measuring the thermal resistance.
Introduction
Power increase of optoelectronic and microwave semiconductor devices imposes stringent requirements upon thermal properties of semiconductor microcircuits, discrete devices and contacts to them [1] [2] [3] [4] . As the power of light-emitting diodes (LEDs) increases, the peak level of current injection grows. This is accompanied with additional heating that is related to both current passing and nonradiative recombination of charge carriers. Heating the diode active region results in considerable reduction of energy efficiency and activation of degradation processes in semiconductor devices.
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The above effects are appreciably related to local nonuniformities in semiconductor structures. Such nonuniformities lead to microplasma breakdown in the impact avalanche transit-time (IMPATT) diodes, pinching in PIN diodes and nonuniform current distribution in LEDs, thus resulting in local increase of diode temperature T and growth of diode thermal resistance R T . In this case, the diode electrical parameters change considerably. That is why measurements of Т and R T are of interest for prediction of quality and reliability of semiconductor devices -both those operating at forward branch of I−V curve (say, LEDs) and at reverse branch of I−V curve (IMPATT diodes).
One of the main problems that appear when determining diode thermal resistance is measurement of heating the diode active region. In this case, the noncontact methods of temperature determination (e.g., Raman scattering microspectroscopy [5] and analysis of local photoluminescence [6] and electroluminescence [7] spectra) seem to be more adequate than such contact techniques as scanning thermal microscopy [4] and liquid crystal thermography [8] . However, the simplest techniques are the electrophysical methods for measuring the temperature of diode active region [9, 10] .
The electrophysical methods involve measurements of temperature-dependent electrophysical parameters, such as the breakdown voltage and forward junction voltage. Different ways of performance measurement are used depending on the generated thermal power and characteristic time of thermal relaxation, as well as device operating mode and package type.
The technique of measurement of LED thermal resistance
One has from the expression for LED ideal I−V curve (see also [11] [12] [13] In this case, it should be noted that VTC is meaningful at the exponential portion of the I−V curve only, because the V(T) curve may be nonlinear at other portions of the I−V curve. Therefore, it is desirable to study the I−V curve in the current range concerned before the VTC measurement. Correspondingly, the temperature dependence of forward bias voltage may serve as heat-dependent quantity when measuring the thermal resistance.
The equivalent LED thermal resistance may be measured using a technique in which one performs, at first, gauge measurement of pulsed (non-heating) I−V curves of LED in the 25 to 110 °С range of package temperature and then diode temperature measurement at maximum permissible current from the gauge V(T) dependence obtained [15] . To exclude heating with passing current when measuring the non-heating I−V curves, one should perform measurements in the pulsed mode. The pulse-repetition interval τ p and pulse duration t p have to obey the inequalities τ p >> t tr >> t p (t tr is the characteristic time of diode thermal relaxation). One should choose a current I F from the set of pulsed I−V curves in such a way that it remained at the exponential portion in the whole temperature range under consideration. The VTC is determined at that fixed current value. Then, at a fixed package temperature, the heating current I h should pass, with the pulse duration t h and pulse-repetition interval τ h obeying the inequalities t h >> t tr >> (τ h -t h ). A direct current I F passes concurrently with the heating current (that must be equal to the peak LED operation current). At the moment of heating current switch-off, the voltage at the current I F is measured. This voltage value V F enables one to obtain the diode temperature Т F from the known VTC, while the R T is calculated from the expression
where T K is the diode package temperature. Determination of the current that corresponds to the exponential portion of the I−V curve in the whole temperature range under investigation enables one to measure more accurately the diode temperature involving VTC. Use of the current I F as a heating one is unreasonable, because this reduces accuracy of measurements. It should be noted that, to obtain thermal resistance of LED from its equivalent thermal resistance, one should perform additional measurements of the portion of radiated light energy.
To illustrate, let us consider the measurement of equivalent thermal resistance of a LUW_W5AM Golden Dragon plus LED. By varying the diode package temperature and using pulses with the repetition interval τ p = 200 ms and duration t p = 20 μs (that do not heat the sample), we obtained the gauge set of pulsed I−V curves in the 20 to 100 °С temperature range (see Fig. 1 ). The V(T) curve built at I F = 75 mA is shown in Fig. 2 .
By passing through the diode heating current pulses I h = 2.2 A (pulse period τ h = 0.2 s and duration t h = 0.19998 s) and constant current I F = 75 mA, we measured the voltage (in the intervals between pulses) and determined the diode temperature from the V(T) curve. The LED thermal resistance calculated from the data obtained was The measured values of the thermal resistance corresponded to the rating values (within the experimental errors).
The technique of measuring the IMPATT diode thermal resistance
When measuring the thermal resistance R T of an IMPATT diode, some additional difficulties appear because of short-term (~10 -6 s) diode thermal relaxation. Therefore, application of the same method as has been used for LEDs does not enable one to determine R T . Measuring the thermal resistance of an IMPATT diode consists in determining the temperature difference between the diode package and p-n junction at dissipation of a certain power of direct current in the diode. According to [14] , the measurement of current dependence on the reverse alternating voltage (with the amplitude V ± ΔV) is performed at the package temperature Т 1 , on condition that ΔI does not lead to additional diode heating. As a result, an isothermal I−V curve is obtained. According to our procedure [15] , the non-heating I−V curves are determined similarly to the case of LED pulsed I−V curves but with a constant reverse bias. After this, the isothermal I−V curve is measured, too. When measuring the static I−V curve without external heating, the temperature difference ΔТ and power value leading to heating are obtained from its crossing with the isothermal I−V curves.
According to [14] , the measurements of R T should be performed with the setup the block diagram of which is presented in Fig. 3 . Here, G1 is the constant-current source; G2 -high-frequency current source; G3 -reference voltage source; PV1 -reverse voltage amplitude meter; PV2 -constant reverse voltage meter; PT -package temperature meter; E -heater; DUTconnecting device with a diode.
In this case, the measurements of R T are performed as follows. The current I 0 is set with a constant-current source G1. Some voltage V 1 is set with a reference voltage source G3. The current I 0 is decreased by ΔI using the constant-current source G1, and a highfrequency current generator G2 is switched on with an amplitude ΔI. Then, the heater is switched on and the DUT package temperature is measured until the PV1 meter readings coincide with V 1 . The diode reverse voltage is measured with a РV2 meter. The increase of the DUT package temperature, ΔT, is measured with a temperature meter РТ. The R T value is determined from Eq. (4):
. (4) Here, V is the diode constant reverse current, and R A is the diode package-to-connecting device thermal resistance specified in the technical documentation of the measuring setup (according to GOST 19656.15-84) [14] . A drawback of this method is that the minimum initial current I 1 is no less than half I 0 value, thus reducing the accuracy of the method.
Contrary to [14] , we measured the IMPATT diode thermal resistance on condition that, instead of a sinusoidal test signal, narrow test pulses of big (Q = 10 4 ) pulse ratio (to reduce power dissipation) were put to the sample [15] . The amplitude of test pulses was increased gradually, thus enabling one to measure pulsed I−V curves of IMPATT diodes. We developed and made a setup to study the diode thermal resistance; its block diagram and appearance are presented in Fig. 4 . Shown in Fig. 5 is the design of a measuring cell for IMPATT diodes. A thermocouple (5) is located inside the IMPATT diode package rather than at the heat sink. This ensures direct measurement of the temperature of IMPATT diode package and makes it possible not to take into account the package−heat sink thermal resistance (contrary to [14] ).
The 8 mm-wave IMPATT diodes were made on the basis of p-n-n + epitaxial structures; the n + -substrate resistivity was 0.002−0.003 Ω cm. The p + -Si layer was prepared using boron diffusion. The boron concentration in the p + -layer was 2·10 20 cm -3 ; the p + -layer thickness was 0.3 μm. The thicknesses of epitaxial p-and n-layers were 0.95 and 1.15 μm, respectively; the concentrations of acceptor and donor impurities in them were the same (3·10 16 cm -3 ). The ohmic contacts to the p + -and n + -silicon layers were prepared by depositing Au−Pt−Ti−Pd layers. The diodes were made with integrated heat sinks.
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PV1 PV2 E P T DUT Narrow test pulses of big (Q = 10 4 ) pulse ratio (to reduce power dissipation) were put to the samples. The amplitude of test pulses was increased gradually, thus enabling one to measure pulsed I−V curves of IMPATT diodes. The initial voltage V 0 =35 V; the test pulse duration was 12 μs. Shown in Fig. 6 are the pulsed I−V curves of an IMPATT diode under investigation as a function of diode package temperature in comparison with the ordinary I−V curve of the same diode at the stabilized heat sink temperature Т = 20 °С. The gauge dependence of voltage on p-n junction temperature is presented in Fig. 7 . The maximum temperature (272.2 °С) at which no device degradation is observed was obtained from the heating constant of I−V curve (Fig. 6) ; the slope of the V(T) calibrating curve (Fig. 7) was 0.04312 V/K. In this case, the package temperature was 121.4 °С, current was 0.22 A, and voltage was 47.6 V. The thermal resistance of the IMPATT diode under investigation was calculated as the ratio of the difference between the p-n junction and package temperatures to the applied power; it was 14.6 K/W. The obtained R T value is in agreement with the data given in [16] .
Conclusions
The method proposed by us makes it possible to determine thermal resistance of LEDs using the developed setup and taking into account the linear temperature dependence of voltage that is observed only at the exponential portion of the diode I−V curve.
Use of pulses of big pulse ratio instead of a sinusoidal test signal (see GOST 19656. 15-84) makes it possible to estimate the temperature of p-n junction overheating in IMPATT diode with lower generation of heat; besides, it fits better for automation of measurements. The direct measurement of temperature of IMPATT diode package enables one not to take into account the package−heat sink thermal resistance. This makes it possible to increase accuracy of measuring the thermal resistance as well as to minimize the effect of random factors (such as the thickness of thermal grease layer and package−heat sink pressing force).
